Background-Recent reports have suggested that excessive amounts of endogenous NO may contribute to the myocardial dysfunction and injury in heart failure. In the present report, we investigate the cellular expression and activity of endothelial (eNOS) and inducible (iNOS) NO synthase in failing human hearts with special reference to the underlying lesion and drug therapy. Methods and Results-Myocardial tissues were obtained from 28 failing human hearts with various pathogeneses and 4 nonfailing hearts as controls. Only weak or focal expression of both eNOS and iNOS was seen in ventricles of nonfailing hearts. In failing hearts, immunoreactivity and hybridization signals for eNOS were increased only in cardiac myocytes of subendocardial areas. Signals for iNOS in cardiac myocytes were consistently seen in heart failure of various pathogeneses and were apparent in both infarcted and noninfarcted regions of ischemic cardiomyopathy. Apparent signals for iNOS were also seen in infiltrating macrophages in infarcted regions of ischemic cardiomyopathy, myocarditis, and septic hearts. The expression of eNOS but not iNOS in the myocytes was intimately associated with ␤-adrenergic therapy before the operation, being more abundant in patients on ␤-blockers compared with diminished presence in patients on ␤-agonists. In contrast to immunohistochemical data, iNOS activity was more variable than constitutive NOS activity and correlated significantly with the density of infiltrating macrophages. Conclusions-These results suggest that whereas increased eNOS and/or iNOS expression in failing cardiac myocytes may in general contribute to myocardial dysfunction, myocyte injury or death associated with inflammatory lesions may be caused in part by abundant iNOS expression within infiltrating macrophages rather than cardiac myocytes. (Circulation. 1998;98:132-139.)
N itric oxide has been shown to modulate myocyte function mainly via formation of cGMP, which inhibits the sarcolemmal L-type calcium channel and reduces the myofilament response to calcium. 1 NO is synthesized from L-arginine by a family of enzymes, the NOSs, consisting of 3 isoforms: the constitutive types brain NOS and eNOS and the inducible type, iNOS. 2 In myocardial tissue, eNOS is constitutively expressed in myocytes, endothelial cells, and endocardial endothelium; iNOS is induced in multiple cardiac cells, including myocytes, vascular endothelial and smooth muscle cells, and inflammatory cells after stimulation with lipopolysaccharide and cytokines. 3 Recent experimental studies have shown that excessive amounts of NO produced within myocardial tissue may contribute to myocardial dysfunction and injury found in such pathological conditions as endotoxemia, 4 myocardial infarction, 5 myocarditis, 6 and cardiac allograft rejection. 7, 8 In the failing human heart, DeBelder et al 9 reported that iNOS activity was increased but cNOS activity was reduced in right ventricular subendocardial specimens from patients with dilated cardiomyopathy or myocarditis but not with other noninflammatory heart disease. Habib et al 10 also observed increased iNOS immunoreactivity in cardiac myocytes and endocardial endothelium of patients with dilated cardiomyopathy but not with ischemic heart disease. Conversely, several other studies have demonstrated apparent iNOS mRNA or protein expression in human heart failure of various underlying pathogeneses. 11, 12 In addition, increased cNOS as well as iNOS activity has been isolated in cardiac myocytes and tissue homogenate from experimentally induced heart failure. 13 In a clinical setting, patients with heart failure are treated with drugs that are known to affect NOS expression, including ACE inhibitors and ␤-adrenergic agonists or blockers. 3, 14 Indeed, increases in intracellular cAMP levels by ␤-adrenergic stimulation has been shown to diminish eNOS expression in rat cardiomyocytes. 14 To date, however, the relationship between the cellular expression of NOS and its activity in end-stage heart failure and their relationship to the type of myocardial lesion and medical therapy remain to be elucidated.
In the present study, we investigated the cellular expression of eNOS and iNOS mRNAs and protein in the myocardium of patients with end-stage heart failure and correlated their cellular expression with NOS enzyme activity in the adjacent myocardial tissue, with special reference to the lesion sites (ie, myocardial infarction or inflammatory cell accumulation). In addition, we examined the relationship between NOS expression in left ventricular myocytes of failing hearts and medical treatment, including ␤-agonist and ␤-blocker therapy.
Methods

Patients
The study was approved by the ethical committee of the Montreal General Hospital. Myocardial tissues from 25 patients with end-stage heart failure were collected at surgery for heart transplantation. Thirteen patients had ischemic cardiomyopathy, 8 had idiopathic dilated cardiomyopathy, 2 had myocarditis, and 2 had aortic valvular stenosis/regurgitation. All patients had severe congestive heart failure classified as New York Heart Association functional class III to IV. Other clinical data from these patients are shown in the Table. Hemodynamic variables measured within 6 months before heart transplantation were used. All patients were treated with a combi- nation of drugs including diuretics, digoxin, ACE inhibitors, nitrates, Ca 2ϩ channel blockers, low-dose aspirin, warfarin, and antiarrhythmic drugs. These drugs were discontinued on the day of transplantation. In addition, 6 patients received intravenous dopamine (3 to 6 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and/or dobutamine (3 to 10 g ⅐ kg Ϫ1 ⅐ min
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) for 3 to 10 days before the heart transplantation. Specimens were also obtained at autopsy (within 10 hours of death) from 2 patients with septic death (men 42 and 48 years old) and 4 patients with nonfailing hearts who died as a result of motor vehicle accident (nϭ2), of metastatic cancer (nϭ1), and of a cerebrovascular attack (nϭ1) (22, 53, 59 , and 69 years old; 3 men and 1 woman). Transmural myocardial tissues were isolated (within 20 minutes after hearts were harvested) from left and right ventricles and left atrial appendages and were either immediately fixed in 4% paraformaldehyde or snap-frozen in liquid N 2 .
Immunohistochemistry
Cryostat sections (6 m thick) were immunostained with monoclonal anti-human eNOS antibody and polyclonal anti-mouse macrophage iNOS antibody by a modification of the avidin-biotinperoxidase method. 15 Briefly, sections were incubated serially with the following solutions: (1) 2% hydrogen peroxide for 30 minutes to block endogenous peroxidase activity, (2) 0.3% Triton-X 100 for 15 minutes to permeabilize the membrane, (3) 10% normal goat serum for 60 minutes to reduce nonspecific binding of the antiserum, (4) primary antisera for 16 hours at 4°C, (5) biotinylated goat anti-mouse or goat anti-rabbit IgG at a dilution of 1:200 for 45 minutes, and (6) avidin-biotinylated horseradish peroxidase complex (Vectastain, Vector Laboratories) at a dilution of 1:100 for 45 minutes. Immunoreactive sites were visualized by incubation with 0.025% 3,3-diaminobenzidine and 0.01% hydrogen peroxide for 3 minutes. PBS, pH 7.4, was used to dilute each solution and to wash the sections 3 times between each step. To identify the cell types, serial sections were immunostained for the endothelial cell marker von Willebrand factor and macrophage-specific marker CD68 (both Dako). The specificity of immunostaining was assessed by preabsorption of the NOS antisera with NOS antigens and incubation with the nonimmune serum instead of the primary antiserum. Immunostaining intensity was semiquantitatively graded independently by 2 observers without prior knowledge of case history. In cases in which there was a discrepancy between the 2 observers, the final score was determined by joint observation. Grades for several transmural sections from different regions of the same heart were averaged to give a single value. The numbers of infiltrating inflammatory cells (CD68-positive) were counted in 100 to 200 fields at a magnification of ϫ400, and the cell density was expressed as the cell number per field.
In Situ Hybridization
Cryostat sections (10 m thick) were hybridized with digoxigeninlabeled riboprobes, and the hybridization products were visualized by an immunological detection method. The labeled RNA was generated as transcripts from linearized template DNA for human eNOS (provided by Dr Kenneth D. Block, Massachusetts General Hospital, Boston) and human iNOS (provided by Dr M. Yanagisawa, University of Texas Southwestern Medical Center, Dallas) in the presence of digoxigenin-11-UTP (Boehringer Mannheim). Sections were hydrated in PBS and treated with 0.3% Triton X-100 in PBS for 15 minutes. After 3 washes in PBS, sections were incubated in 2 g/mL proteinase K in Tris buffer (0.1 mol/L Tris, 5 mmol/L EDTA, pH 8.0) for 30 minutes at 37°C and immersed in 4% paraformaldehyde for 3 minutes to stop the reaction. After 3 washes in PBS, sections were acetylated with 0.25% acetic anhydride in 0.1 mol/L triethanolamine buffer (pH 8.0) for 10 minutes. The sections were dehydrated with ethanol and hybridized for 16 hours at 42°C with the digoxigenin-labeled riboprobe (2 to 4 ng/L) in hybridization buffer. Unbound riboprobes were removed by incubation with 20 g/mL RNase A for 30 minutes at 37°C in a solution of 0.5 mol/L NaCl, 10 mmol/L Tris (pH 7.5), and 1 mmol/L EDTA. Sections were further washed in decreasing concentrations of SSC, pH 7.0: 4ϫSSC for 10 minutes at 42°C, 2ϫSSC for 10 minutes at 42°C, and 0.1ϫSSC for 10 minutes at room temperature. To detect digoxigenin-labeled riboprobe, the sections were incubated for 45 minutes in Tris buffer (pH 7.5) containing 3% BSA followed by incubation with an alkaline phosphatase-conjugated Fab fragment of a sheep antidigoxigenin polyclonal antibody (Boehringer Mannheim) for 4 hours at room temperature. The hybridization products were visualized with 4-nitro blue tetrazolium (340 g/mL) and 5-bromo-4-chloro-3-indolyl-phosphate (175 g/mL) in a solution of 0.1 mol/L NaCl, 0.1 mol/L Tris (pH 9.5), 50 mmol/L MgCl 2 , and 10% wt/vol polyvinyl alcohol. Negative control experiments included hybridization with the sense probe, RNase A pretreatment before hybridization, and omission of the antisense probe.
Measurement of NOS Activity
NOS activity was quantified as described previously. 16 Briefly, frozen tissues from both infarcted and noninfarcted regions were homogenized in 6 volumes (wt/vol) of ice-cold buffer (pH 7.4, 10 mmol/L HEPES buffer, 0.1 mmol/L EDTA, 1 mmol/L dithiothreitol, 1 mg/mL PMSF, 0.32 mmol/L sucrose, 10 g/mL leupeptin, 10 g/mL aprotinin, 10 g/mL pepstatin A). After centrifugation at 4°C for 15 minutes at 10 000 rpm, the supernatant (50 L) was added into 100 L of reaction buffer containing 50 mmol/L KH 2 
3 H]L-arginine (150 to 200 cpm/pmol). The samples were incubated for 30 minutes at 37°C, and the reaction was stopped by the addition of ice-cold HEPES buffer (pH 5.5, 100 mmol/L HEPES, 12 mmol/L EDTA). Excess [2,3- 3 H]L-arginine in the reaction mixture was eliminated with Dowex 50w resin (2 mL). The supernatant was assayed for [
3 H]L-citrulline by liquid scintillation counting. Enzyme activity was expressed in pmol L-citrulline produced ⅐ min Ϫ1 ⅐ mg total protein Ϫ1 . Protein was measured as described above. NOS activity was also measured in the presence of 1.5 mmol/L each of EGTA and EDTA, which replaced CaCl 2 and calmodulin in the reaction buffer and in the presence of 1 mmol/L L-NAME (NOS inhibitor). Ca 2ϩ /calmodulin-dependent NOS (cNOS) activity was calculated as the difference between that measured in the presence of CaCl 2 and that measured in EDTA/EGTA buffer. Ca 2ϩ /calmodulinindependent NOS (iNOS) activity was calculated as the difference between samples assayed in the presence of EGTA/EDTA and those measured in the presence of L-NAME.
Statistical Analysis
Values of continuous variables were expressed as meanϮSEM and were compared between 2 groups by paired or unpaired Student's t test. Immunohistochemical grades for eNOS and iNOS in cardiac myocytes were categorized into Յ1, Յ2, Յ3, and Յ4 and compared among patient groups with ␤-agonist or ␤-blocker treatment by the Kruskal-Wallis rank test and between 2 groups by the MannWhitney U test. A relationship between immunohistochemical grades for eNOS or iNOS and cAMP contents was analyzed by Spearman's rank correlation. A relationship between iNOS activity and the density of infiltrating macrophages was assessed by linear regression analysis. Values of PϽ0.05 were considered significant.
Results
Localization of eNOS and iNOS Proteins and mRNAs
Typical examples of immunohistochemistry for eNOS and iNOS in nonfailing and failing human hearts are shown in Figure 1 . In nonfailing hearts, only weak or focal immunoreactivity for both eNOS and iNOS was seen in left ventricular myocytes and endocardial endothelium ( Figure 1A  through 1C) . In left ventricles of failing hearts, apparent iNOS immunoreactivity was seen in cardiac myocytes of most failing left ventricles ( Figure 1F , 2C, and 2F). Immunoreactivity for eNOS was variably increased in cardiac myocytes in subendocardial areas (5 to 10 cell layers) ( Figure  1E versus 2B) but was consistently weak or focal in the remaining myocardium ( Figure 2E ). The variability of eNOS immunoreactivity in cardiac myocytes of subendocardial areas was seen irrespective of the underlying pathogenesis of heart failure and irrespective of the site of infarction in ischemic cardiomyopathy (grades: infarcted, 2.9Ϯ0.30 versus noninfarcted, 2.6Ϯ0.53). Endocardial endothelium of failing left ventricular chambers showed variably increased eNOS and iNOS immunoreactivities among individual hearts (Figures 1E, 1F , 2B, and 2C) despite the presence of strong immunoreactivity for von Willebrand factor ( Figures 1D and  2A) . In right ventricular and left atrial tissues of both failing and nonfailing hearts, cardiac myocytes showed variable eNOS and apparent iNOS immunoreactivities as seen in subendocardial myocytes of failing left ventricles. Apparent eNOS immunoreactivity in the endothelium of intramyocardial vessels was seen in nonfailing hearts, but it was inconsistent in failing hearts. Apparent iNOS immunoreactivity was also seen in infiltrating macrophages (positive to CD68) ( Figure 2D and 2F) . Preabsorption of the antiserum with NOS antigen or incubation with nonimmune serum abolished the immunostaining (data not shown). No cross-reaction between anti-eNOS antibody and anti-iNOS antibody was evident by different staining patterns ( Figures 1E versus 1F and 2E  versus 2F ).
In situ hybridization in failing human hearts showed apparent signals for eNOS in cardiac myocytes of subendocardial areas and endothelial cells of intramyocardial vessels ( Figure 3A and 3D) . Apparent hybridization signals for iNOS were consistently seen in cardiac myocytes of most myocardial areas and infiltrating inflammatory cells ( Figure 3B and 3E). Control sections incubated with the sense probe and pretreated with RNase A or omission of antisense riboprobe showed no apparent signals ( Figure 3C and 3F) .
Clinical Relevance of NOS Expression in Failing Hearts
Immunoreactivities for NOS, particularly for iNOS, in cardiac myocytes were significantly increased in patients with heart failure compared with patients with nonfailing hearts (Figure 4) . Among patient groups with heart failure of different underlying pathogeneses, there was no significant difference in immunoreactivity for eNOS or iNOS in cardiac myocytes. In ischemic cardiomyopathy, immunoreactivity for both enzymes in myocytes was similar in infarcted and noninfarcted regions of the same hearts. Immunoreactivities for eNOS and iNOS in cardiac myocytes were not significantly related to any clinical variables, including age, sex, complications, cardiac index, ejection fraction, pulmonary , and iNOS (C and F) in serial sections. Note that increased immunoreactivity for eNOS was localized only in subendocardial myocytes, whereas apparent iNOS immunoreactivity was found in most surviving myocytes and infiltrating macrophages (arrowheads) of infarcted myocardial wall. Asterisk indicates intracardiac cavity. Magnification ϫ400. capillary wedge pressure, or left ventricular end-diastolic dimension. In addition, no significant relationship was found between the immunohistochemical grades for NOS in cardiac myocytes and the medications used before heart transplantation, except for the usage of ␤-agonists or ␤-blockers. Figure  5 shows the immunohistochemical grades for eNOS and iNOS in the control group (patients without ␤-receptor therapy) and the groups treated with ␤-agonists and ␤-blockers. Immunoreactivity for eNOS in cardiac myocytes of left ventricular subendocardial areas was significantly lower in ␤-agonist-treated patients than in ␤-blocker-treated (PϽ0.01) or control untreated patients (PϽ0.05). A similar but not significant tendency among the 3 groups was seen in right ventricular and left atrial myocytes (data not shown).
NOS Activity in the Failing Human Heart
NOS activity was measured in failing left ventricular tissues just adjacent to the specimens used for immunohistochemistry. cNOS activity ranged from 0. 4 ). This is consistent with some characteristics of immunohistochemical data for eNOS in cardiac myocytes. However, there was no clear correlation between cNOS activity in the myocardium and eNOS immunoreactivity in cardiac myocytes of subendocardial areas. iNOS activity in failing human hearts was more variable than cNOS activity among specimens examined (0 to 40 pmol ⅐ Immunohistochemical grades were evaluated in left ventricular subendocardial areas, in which immunoreactivity for NOSs, particularly for eNOS, in cardiac myocytes was selectively increased. Grades were averaged to give a single value to same lesion site and were categorized into 4 ranks (Յ1, Յ2, Յ3, Յ4). A significant difference in iNOS immunoreactivity was seen between patients with heart failure of different underlying pathogeneses and patients without heart failure (PϽ0.01). ICM indicates ischemic cardiomyopathy; inf., infarcted; non., noninfarcted; DCM, dilated cardiomyopathy; and N, nonfailing heart. DCM group includes 2 patients with myocarditis. *PϽ0.05; **PϽ0.01. , PϽ0.05) were found in infarcted than noninfarcted regions. This could not be explained either by the difference in iNOS expression in cardiac myocytes or by the difference in myocyte population between infarcted and noninfarcted regions. The iNOS activity was significantly correlated with the density of infiltrating macrophages that expressed iNOS ( Figure 6, rϭ0.992, PϽ0.0001 ). Macrophage accumulation was evident in 6 of 13 infarcted regions of ischemic cardiomyopathy, 2 of 2 myocarditides, 1 of 8 dilated cardiomyopathies, and all 3 septic hearts.
Discussion
The present study demonstrates increased expression of both eNOS and iNOS in human hearts with end-stage heart failure of various pathogeneses compared with nonfailing human hearts. In failing hearts, increased expression of eNOS was localized to cardiac myocytes of left ventricular subendocardial areas, whereas iNOS was consistently seen in most cardiac myocytes and infiltrating macrophages. The increased expression of eNOS in cardiac myocytes was more often seen in patients with ␤-blocker treatment compared with ␤-agonist treatment, but this was not associated with a significant decrease in cAMP contents in myocardial tissue. In contrast to consistent expression of iNOS in failing cardiac myocytes, iNOS activity was variable among individual failing hearts and among different regions of the same heart and was significantly correlated with the density of infiltrating macrophages.
Apparent iNOS mRNA and protein expression has already been shown in human heart failure of various pathogeneses. 11, 12 Immunohistochemical studies have identified cardiac myocytes as the principal cell type that expresses iNOS in failing human hearts. 11, 10 Conversely, other groups have reported that iNOS activity or immunoreactivity is increased in human failing hearts with inflammatory heart disease but not in failing hearts with other pathogeneses. 9, 10 Using right ventricular subendocardial tissue, DeBelder et al 9 also showed that in contrast to iNOS, cNOS activity in the early phase of inflammatory heart disease was reduced compared with that in ischemic heart disease. The discrepancy among previous studies related to iNOS and eNOS expression in failing human hearts may be explained in part by our observation that NOS activity measured in heart homogenates did not necessarily reflect NOS immunoreactivity in cardiac myocytes. For example, iNOS activity and iNOS/cNOS activity ratios were higher in infarcted than noninfarcted regions of failing hearts with ischemic cardiomyopathy. This could not be explained by either the difference in iNOS immunoreactivity in cardiac myocytes or the difference in myocyte population between infarcted and noninfarcted regions. In the present study, the NOS activity was measured in the myocardial tissue just adjacent to the specimens used for histological study. Indeed, cNOS activity showed a tendency to be lower in infarcted than noninfarcted regions, as expected from a decrease in myocyte population in the infarcted region.
Nevertheless, apparent expression of both eNOS and iNOS was found in cardiac myocytes of failing human hearts but not in myoctes of nonfailing hearts by use of specific antisera against eNOS or iNOS whose specificity was confirmed by preabsorption tests and incubation with nonimmune serum and between which there was no cross-reaction. Our results are consistent with a recent report by Yamamoto et al, 13 who showed increased cNOS as well as iNOS activity in heart homogenates and isolated myocytes from dogs with rapid pacing-induced heart failure. They have also demonstrated a diminished inotropic responsiveness to the ␤-adrenergic agonist isoproterenol in isolated failing myocytes, which was reversed by L-NAME, an NOS inhibitor. Some evidence suggests that NO produced by either cNOS or iNOS within cardiac myocytes participates in diminished inotropic responsiveness to the isoproterenol in an autocrine and/or paracrine fashion. 17, 18 Thus, increased expression of both eNOS and iNOS in cardiac myocytes themselves may be involved in the myocardial dysfunction in the failing human heart.
In the present study, variable eNOS immunoreactivity in cardiac myocytes of subendocardial areas was intimately related to the treatment with ␤-agonists (lower grade) or ␤-blockers (higher grade) before the heart transplant operation. Recently, Belhassen et al 14 showed that increases in intracellular cAMP levels by ␤-adrenergic or adenylate cyclase stimulation diminish eNOS expression in rat cardiac myocytes. In failing human hearts, it has been shown that myocyte ␤ 1 -adrenergic receptors, a major ␤-receptor subtype in the heart, are downregulated particularly in subendocardial layers. 19 Indeed, cAMP levels have been shown to be decreased in the failing human myocardium under basal and isoprenaline-stimulated conditions, 20 probably because of an impaired ␤ 1 -adrenergic receptor-G protein-adenylate cyclase pathway. 21 Thus, it is reasonable to speculate that decreased cAMP levels may underlie increased eNOS expression in failing cardiac myocytes, which was evident in subendocardial areas of hearts of patients with ␤-blocker treatment.
Alternatively, the use of ␤-agonists or ␤-blockers may have reflected the current state of heart failure. Intravenous ␤-agonists have been applied to patients with severe heart failure 3 to 10 days before operation, but within a few days after treatment, hemodynamic variables were improved in these same patients (cardiac index, from 2.2 to 3.6 L/min; pulmonary capillary wedge pressure, from 26 to 14 mm Hg). Thus, reduced eNOS expression in cardiac myocytes of patients with ␤-agonist treatment may have resulted from acute improvement of heart failure. Although elevation of cAMP levels in response to ␤-adrenergic stimulation is reduced in failing hearts, 20, 21 it is known that the effects of intravenous ␤-agonists on heart failure are mediated in part by systemic vascular actions, including increased renal blood flow, resulting in increased urine volume. In addition, it has been shown that in failing dog and human hearts, stimulation of ␤ 2 -adrenergic receptors augments intracellular calcium transient amplitude without an increase in cAMP levels. 22 Because downregulation of ␤-adrenergic receptors has been shown to occur in the ␤ 1 -but not the ␤ 2 -subtype in the failing human heart, 19, 23 activation of ␤ 2 -adrenergic receptors in cardiac myocytes may contribute to the improvement of heart failure by intravenous ␤-agonists.
Increased eNOS expression in cardiac myocytes was localized in subendocardial areas (5-to 10-cell layers) of some failing human hearts, whereas apparent iNOS expression was consistently seen in cardiac myocytes of most failing hearts. These observations suggest more regional and variable regulatory mechanisms for eNOS than iNOS expression in cardiac myocytes. A recent study showed that chronic hypoxia increases eNOS expression in the immature rabbit heart, relating to increased tolerance to ischemia. 24 However, a possible role for myocardial ischemia in subendocardial areas is unlikely, because eNOS expression in cardiac myocytes was similar in subendocardial areas of infarcted and noninfarcted regions (mean grade, 2.9Ϯ0.30 versus 2.6Ϯ0.53) and was not increased in surviving cardiac myocytes in the infarcted region ( Figure 2E ). Conversely, iNOS expression in cardiac myocytes has been shown to be induced by multiple factors, including lipopolysaccharide, cytokines (tumor necrosis factor-␣, interferon-␥, interleukin-1␤), angiotensin II, ␤-adrenergic receptor agonists, 3 and adrenomedullin. 25 Elevated systemic and/or intracardiac levels of these factors are all characteristic of sepsis or end-stage heart failure. 26 -29 This may explain our observation of apparent iNOS expression in cardiac myocytes, which was consistently seen irrespective of any treatment before heart transplantation, including ACE inhibitors and ␤-agonists or ␤-blockers.
Another major finding of this study is that iNOS activity in failing human heart was variable despite consistently apparent iNOS expression in most cardiac myocytes, which was significantly correlated with the density of infiltrating macrophages. This suggests that increased iNOS activity in the heart homogenates may have mainly reflected iNOS activity within infiltrating macrophages rather than that in cardiac myocytes. Macrophages were found abundantly in infarcted regions of ischemic cardiomyopathy, myocarditides, and septic hearts but rarely in most hearts with end-stage dilated cardiomyopathy, noninfarcted regions of ischemic cardiomyopathy, and valvular heart disease. These findings are consistent with recent experimental studies using animal models of myocardial infarction (day 2 to 3), 5 cardiac allograft rejection, 7, 8 and autoimmune myocarditis, 6 in which infiltrating inflammatory cells (mainly macrophages) have been shown to be the principal cell type responsible for increased iNOS activity or expression in myocardial lesions. Worrall et al 8 have shown contractile and electrophysiological dysfunction during early cardiac allograft rejection, which is in large part prevented by aminoguanidine, a selective iNOS inhibitor. Ishiyama et al 6 also reported that in rats with autoimmune myocarditis, treatment with aminoguanidine inhibited extensive myocardial destruction and massive infiltration of inflammatory cells. A possible role for NO in cytotoxic effects of infiltrating inflammatory cells on cardiac myocytes is supported by the study by Pinsky et al, 30 who demonstrated that iNOS expression by activated macrophages exerted cytotoxic effects on cocultured adjacent cardiac myocytes. Cytotoxic effects of excessive amounts of NO produced by activated macrophages is in part mediated by peroxynitrite formation resulting from the reaction of NO with superoxide anion. 31 Actually, peroxynitrite has been shown to induce cardiac myocyte injury through disturbance of Ca 2ϩ transport systems in the plasma membrane and the contractile protein. 32 Thus, infiltrating inflammatory cells may contribute to the myocyte injury or death in addition to dysfunction found in inflammatory lesions of myocardial infarction, myocarditis, and sepsis. In the present study, there was no macrophage accumulation in most cases (7 of 8) of end-stage dilated cardiomyopathy, and iNOS activity in those tissues was not higher than that of ischemic cardiomyopathy. However, our results do not exclude abundant iNOS expression in infiltrating inflammatory cells and/or cardiac myocytes in the early stage of dilated cardiomyopathy. 9 In summary, we report that increased eNOS expression in cardiac myocytes was localized only in subendocardial areas of some failing human hearts, whereas apparent iNOS expression was consistently seen in cardiac myocytes of most failing hearts. This observation suggests a different regulatory mechanism for increased eNOS and iNOS expression in failing cardiac myocytes. However, increased eNOS and iNOS expression in cardiac myocytes did not seem to be explained simply by cAMP levels. Conversely, iNOS activity in failing myocardial tissue was more variable than cNOS activity and was significantly correlated with the density of infiltrating macrophages found in infarcted regions of ischemic cardiomyopathy, myocarditides, and septic hearts. In conclusion, whereas increased eNOS and/or iNOS expression in failing cardiac myocytes may contribute to the whole myocardial dysfunction, myocyte injury or death found in infarcted or inflammatory lesions may be mediated in part by abundant iNOS expression within infiltrating macrophages rather than cardiac myocytes.
